Anopheles gambiae is a major vector of human malaria and its immune system in part determines the fate of ingested parasites. Proteins, hemocytes and fat body in hemolymph are critical components of this system, mediating both humoral and cellular defenses. Here we assessed differences in the hemolymph proteomes of water-and E. coli-pricked mosquito larvae by a gel-LC-MS approach. Among the 1756 proteins identified, 603 contained a signal peptide but accounted for two-third of the total protein amount on the quantitative basis. The sequence homology search indicated that 233 of the 1756 may be related to defense. In general, we did not detect substantial differences between the control and induced plasma samples in terms of protein numbers or levels. Protein distributions in the gel slices suggested post-translational modifications (e.g. proteolysis) and formation of serpin-protease complexes and high Mr immune complexes. Based on the twenty-five most abundant proteins, we further suggest that major functions of the larval hemolymph are storage, transport, and immunity. In summary, this study provided first data on constitution, levels, and possible functions of hemolymph proteins in the mosquito larvae, reflecting complex changes occurring in the fight against E. coli infection.
Introduction
The mosquito Anopheles gambiae is one of the major vector species transmitting deadly diseases, which impact millions of human lives each year (World Malaria Report, 2015) . Since its genome sequence became available (Holt et al., 2002) , continuous efforts have been made to improve gene annotation, profile transcript levels, and elucidate protein functions, especially those related to immunity (Yassine and Osta, 2010; Clayton et al., 2014) . The genetic makeup of the mosquito innate immune system is considered to be similar to those of other model insects such as Drosophila melanogaster. In these models, molecular patterns on the pathogen surface are recognized by pattern recognition receptors (PRRs) of the host to trigger serine protease (SP) cascades, melanization, antimicrobial protein (AMP) synthesis, and hemocyte responses. Families of defense proteins are implicated in parasite resistance, including thioester proteins (e.g. TEP1) (Blandin et al., 2004) , Leu-rich repeat (LRR) proteins (e.g. Leu-rich immune molecule-1 (LRIM1), A. plasmodium-responsive LRR protein-1C (APL1C)) (Povelones et al., 2009 ), C-type lectins (CTLs) (e.g. CTL4, CTLMA2) (Osta et al., 2004) , fibrinogen-related proteins (FREP1, FBN30) (Dong and Dimopoulos, 2009; Li et al., 2013) , and clipdomain serine proteases (SPs) and serine protease homologs (SPHs) (e.g. CLIPs B3, B4, B8, B14, B15, B17, A2, A5, A7, A8 and SPCLIP1) (Volz et al., 2005 (Volz et al., , 2006 Povelones et al., 2013; BarillasMury, 2007) , serpins (e.g. serpin-2, 6) (Abraham et al., 2005; Michel et al., 2006; Suwanchaichinda and Kanost, 2009) , and caspase-S2 (Ramphul et al., 2015) . Four of these genes (APL1C, CLIPB15, serpin-2, caspase-S2) were also identified in an expression pattern analysis, along with TEP2, TEP4 and TEP15, LRR-7060, CTL2, CTLMA3, FBN9, peptidoglycan recognition protein (PGRP) S1, CLIPs B5, B7 and C2, SCRA-SPH3, Sp€ atzle3 and 4, Toll6, 10 and 11, inhibitor of apoptosis (IAP) 5, caspase-S4, and adenosine deaminase genes (Li et al., 2013) .
Previous proteomic studies of A. gambiae characterized peritrophic matrix, head, eggshell, saliva and salivary gland (Dinglasan et al., 2009; Lefevre et al., 2007; Amenya et al., 2010; Francischetti et al., 2002; Kalume et al., 2005) , identifying peritrophins, digestive and metabolic enzymes, vitelline membrane and chorion proteins, oxidases, odorant binding proteins, and SG and D7 proteins. In the hemolymph of adult mosquitoes, Paskewitz and Shi (2005) described 280 spots on 2-D PAGE gels and identified 28 including those related to immunity (e.g. TEP15, CLIPB4, CLIPA6, serpin-2, serpin-15, phenoloxidase-6 (PO6), proPO2), lipid binding (e.g. apolipophorin III, MD2-like protein-3 (MDL3)), and iron metabolism (e.g. ferritin). Eight of the 28 proteins were differentially regulated upon wounding (e.g. glutathione S transferase-S1) or bacterial infection (PO6, chitinase-like BR-1 and BR-2). While these studies provided useful information about proteins in tissues or body fluids in the mosquito, the numbers of identified proteins were dwarfed by those of mRNAs detected in the corresponding tissue transcriptomes, due to limitations of the proteomic techniques previously used. To better understand the roles of hemolymph in physiological processes such as innate immunity, we chose the E. coli infection model which had been used in A. gambiae adults to show lethality at high dosage and induced production of defensin Coggins et al., 2012) and characterized A. gambiae larval hemolymph using a gel-LC-MS approach (Blagoev et al., 2004) . We report the identification and quantification of plasma proteins, some of which showed challengeassociated changes in abundance or gel mobility, suggesting proteolytic processing and immune complex formation.
Materials and methods

Mosquito rearing
A colony of A. gambiae G3 strain was obtained from Malaria Research and Reference Reagent Resource Center and maintained in an incubator at 27.5 C with 80% relative humidity in a 12 h lightdark cycle with gradual sunset and sunrise light transitions. As described previously (Benedict, 1997) , newly hatched larvae (day 1e2) were fed in suspension of baker's yeast, the older larvae were fed a 1:2 (w/w) mixture of baker's yeast and ground fish food (Mike Reed Enterprises) in distilled water. Pupae were picked and placed side by side in cups with water prior to emergence. Newly emerged adults were maintained by 10% sucrose solution. To trigger embryonic development, adult females (days 6e10) were fed heparinized sheep blood (HemoStat Laboratories) using a membrane feeder (Hemotek). Laid eggs were collected on wet filter papers and transferred to distilled water for hatching.
Preparation of cell-free hemolymph from water-and bacteriapricked larvae
Fourth instar larvae (20e25/group, 8 groups) were transferred to new cups with distilled water and placed on a filter paper to remove excess water. They were individually pricked in the thorax with a glass capillary tube dipped in distilled water (C for control) or a pellet of live Escherichia coli cells (I for induced). To prepare the bacterial pellet, a single fresh colony of E. coli BL21 was grown in 3.0 ml of LB medium at 37 C with shaking at 220 rpm until OD 600 reached 0.7e0.9. The cells were harvested by centrifugation at 4,500g for 20 min and resuspended in 1 ml of distilled water. This step was repeated twice to remove the medium. After being transferred back to the same cup, the wounded larvae were provided with a small volume of the food suspension and incubated for 24 h. For hemolymph extraction, five insects from the same group (C or I) were blotted with a filter paper and placed together on a piece of paraffin film. Five microliters of a cocktail of protease inhibitors (cOmplete ULTRA, Roche Diagnostics) supplemented with 0.1% 1-phenyl-2-thiourea was added to the larvae. Each larva was torn slightly with forceps in the thorax and gently pressed with a pipette tip in the abdomen, so that released hemolymph instantly encountered the inhibitors. Pooled plasma (P) samples (c.a. 20 ml per tube, 20e25 insects per pool) were centrifuged at 2000 Â g for 5 min to remove tissues and cell debris. Protein concentrations of the samples and biological replicates (CP1ÀCP4, IP1ÀIP4 from different cohorts of the mosquito larvae) were determined by a modified Bradford assay using BSA as a standard.
SDS-PAGE separation of plasma proteins, in-gel trypsinolysis, and MS sample preparation
The eight protein samples (4 CPs and 4 IPs) were treated as described previously . Briefly, 40 mg of each sample were separately on a 4e15% gradient SDS polyacrylamide gel (BioRad), followed by staining with Coomassie blue. Subsequently, each of the eight lanes was divided into 12 gel slices based on the band patterns, generating a total of 96 gel samples. The gel pieces were reduced with tris(2-carboxyethyl)phosphine, alkylated with iodoacetamide, and digested with sequencing grade trypsin. Resulting trypsinolytic peptides were extracted from the gel pieces with 1% trifluoroacetic acid for LC-MS/MS analysis at Oklahoma State University Recombinant DNA/Protein Core Facility.
LC-MS/MS analysis
Each of the 40 samples from gel slices 1 through 5 (i.e. >80 kDa, Fig. 1A ) was subjected to a single individual LC-MS/MS analysis on an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific) as described previously , but using a 4-hr chromatography gradient of 2e40% ACN. The other 56 samples (gel slices 6 through 12, Fig. 1A ) were each subjected to two LC-MS/MS analyses on an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific), wherein peptides were separated (He et al., 2016) using a 100-min chromatography gradient of 2e40% ACN. The Fusion analyses employed a "Top Speed" data-dependent MS/MS strategy, wherein survey scans were performed in FT mode (R ¼ 120,000) at least every three seconds. In the interval between survey scans, up to 20 data-dependent MS/MS scans were conducted in the ion trap. The Fusion scan settings also included selection of precursor ions via the quadrupole mass filter, dynamic exclusion (n ¼ 1), and monoisotopic precursor selection.
Protein identification, quantification, and mobility examination
The spectra were searched against an A. gambiae protein database (PEST Peptides_AgamP4.2) downloaded on 9/1/2015 from VectorBase (http://www.vectorbase.org/). MaxQuant version 1.5.2.28 (Cox and Mann, 2008) was used to process raw data from the Orbitrap and Fusion spectrometers for database searching. In setting up the MaxQuant search, all of the MS files obtained for individual gel slices from a single lane were designated as "fractions" describing that lane's sample. The parameters used in the search were: no charge state deconvolution or deisotoping, trypsin digestion, maximum missed cleavage of 2, parental ion mass tolerance of 20 PPM, fragment ion mass tolerance of 0.50 Da, formylation or acetylation of protein N-termini, Met oxidization, cyclization of Gln to pyroGlu, iodoacetamide or acrylamide derivatization of Cys, no fixed modification, and all peptides (with or without modification) included in search. False discovery rates for proteins and peptides were set at 1%.
Proteins were quantified on the basis of their normalized labelfree quantification (LFQ) intensities as a proxy for their relative abundances (Cox et al., 2014; Ahrn e et al., 2013) . The four samples from the challenged insects were designated as one protein group (i.e. "IP"), whereas the four samples from the control insects were designated as another (i.e. "CP"). The average LFQ intensity value for each protein's expression in either group was calculated as the mean, and used to calculate the log 2 (I/C) expression ratio. Individual protein LFQ intensities among the four biological replicates were also used to calculate the extent to which differences in protein abundance were significant, using Student's t-test and a significance threshold of 0.05.
To examine the electrophoretic mobility of individual proteins, samples were quantified as described above, but instead designating each gel slice as an individual sample when setting up the MaxQuant search (that is, individual gel slices were not designated as collective sample "fractions"). Changes in electrophoretic mobility were analyzed by comparing protein LFQ protein intensities among gel slices.
Protein nomenclature
Most of the identified protein sequences from the database already had names that suggest function. For uncharacterized or hypothetical proteins, their sequences were used as queries to search non-redundant protein sequences at NCBI by BLASTP (Evalue < 10 À10 ). For sequences that still remained uncharacterized, BLAST2GO searches were performed using default settings. Based on the results, some were named after the domain(s) they contain and the rest referred by their VectorBase IDs (i.e. AGAP numbers). Signal peptides were predicted by SignalP 4.0 (Petersen et al., 2011) and Signal-3L (Shen and Chou, 2007) .
Effects of sterile and septic wounding
To confirm E. coli infection, 4th instar larvae of A. gambiae were individually pricked in the thorax as described in Section 2.2 with two minor modifications. E. coli BL21 strain carrying a GFP expression plasmid was used to prepare bacterial pellet. The bacteria were washed in sterile phosphate-buffered saline (PBS, 138 mM NaCl, 2.7 mM KCl, 10 mM phosphate, pH 7.4). The control larvae were pricked with the same buffer. The live and dead larvae were counted at 24 h after treatment to calculate survival rates of the PBS p and E. coli p groups. To compare survival and AMP expression caused by pricking and injection, two more groups (PBS i and E. coli i ) of larvae at the same stage were injected at 69 nl/larva with PBS or E. coli suspended in PBS (OD 600 ¼ 1.0, c.a. 5.5 Â 10 4 cells/ insect), respectively. After scanning for E. coli GFP signals under a BX51 fluorescence microscope, 24 total RNA samples were prepared from live whole larvae (10 insects per sample, 2 PBS pricked and 2 E. coli pricked, 2 PBS injected, and 2 E. coli injected) at 2, 6 and 24 h using TRIZOL Reagent (Life Technologies, Inc). Two total RNA samples were isolated from naïve larvae (10 insects per sample) and used as negative control. cDNA synthesis and quantitative realtime PCR were performed with three technical replicates for each of the 26 samples according to Yang et al. (2016) . Each cDNA sample was equivalent to starting with 250 ng total RNA. The primers were: j1723 (5 0 -AAGAAGCTGACTGGCCGTGA) and j1724 (5 0 -GTAGCTGCTGCAAACTTCGG) for rpS7; j1737 (5 0 -TCTGCTGGAAC-CATCATCGG) and j1738 (5 0 -ATCTCGTAAACTGCACCGCA) for gambicin-1; j1733 (5 0 -ATCTTTGTCGTGCTGGCAGT) and j1734 (5 0 -CTGCCTTGAACACTCGCTTG) for cecropin A. Relative mRNA levels were calculated as: (1 þ E rpS7 )
Ct, rpS3 /(1 þ E X ) Ct, X (Rieu and Powers, 2009) , where E rpS7 ¼ 107.8%, E gambicin-1 ¼ 109.3%, and E cecropin A ¼ 99.3%. The living and dead larvae pricked with PBS or E. coli were examined at 24 h by bright-field and fluorescence microscopy under the microscope with a DP-71 imaging system (Olympus).
Results and discussion
Overview of the proteomics analysis
To identify and quantify proteins in A. gambiae larval plasma, we collected hemolymph samples from the larvae pricked with water or live E. coli and separated them by SDS-PAGE. There was no clear difference in band pattern between the CP and IP lanes (Fig. 1A) . After gel cutting, in-gel trypsinolysis and LC-MS/MS analysis, we found the numbers of proteins identified in 12 groups of gel slices were comparable between CP and IP (Fig. 1B) . These slices contained similar amounts of proteins (based on the staining pattern), ensuring that abundant proteins do not overwhelm signals of scarce ones and apparent M r ranges of the identified proteins are available. To assess the samples' reproducibility, pairwise Pearson correlation coefficients of protein LFQ values were examined, yielding r 2 values of 0.897e0.978 (0.937 ± 0.029) among pairs of the CP samples and 0.959e0.991 (0.976 ± 0.011) among pairs of the IPs. Correlations between the CP and IP samples were 0.908e0.954 (0.941 ± 0.020), indicative of a minor global change in protein amounts after the immune challenge.
We identified a total of 1756 proteins: 1688 from CP, 1695 from IP, and 1627 common to both conditions. Each protein had two or more matching MS/MS spectra (Table S1 ). Among them, 1361 (78%) had descriptive names, 305 (17%) were named after their homologs found in the BLASTP search, 18 (1%) were designated with the domain(s) they contain, and the other 72 (4%) were represented by their VectorBase IDs. We manually divided the proteins into nine categories: immunity (233), metabolism (524), DNA/RNA synthesis (105), ion binding (147), cytoskeleton/motor (73), ATP/NAD(P)H binding (181), sensory and cuticle (52), ribosomal (78), and others (363) ( Fig. 2A) . Among the total, 603 (34.3%) were predicted to have a signal peptide (Table S1) ; the other 1153 (65.7%) were predicted to be intracellular but detected in the plasma. This apparent contradiction was also observed in Manduca sexta plasma but the percentage (38.7%) was lower . We ascribed this anomaly to hemocyte rupture, tissue tearing, and incomplete removal of cellular debris. The contamination was substantial, as the LFQ sums of the extracellular proteins (34.3%) only accounted for 69.7% (CP) and 64.6% (IP) of the grand LFQ totals. An alternative explanation for these hemolymph proteins lacking an apparent signal peptide is that some of them might be secreted into plasma via unconventional pathways (Nickel, 2010).
Abundant proteins and their functions in the larval hemolymph
We examined protein distributions based on their relative abundances (Fig. 3A ). There were 61 proteins identified in CP but not IP (LFQ ¼ 0) and 68 other were only found in IP. Most proteins (88% in both CP and IP) fell into the LFQ range of 10 6 to 10 9 . However, when total abundances of all proteins within the individual LFQ ranges were compared ( Fig. 3B ), we found that 23 CP and 21 IP proteins (LFQ >10
10
) accounted for 62.2% and 54.3% of the LFQ grand totals, respectively. Similarly, 140 CP and 140 IP proteins in the LFQ range of 10 9 À10 10 represented 25.5% and 31.1% of the total protein amounts. Note that LFQ percentages presented here should only be treated as estimates and large deviations may exist, especially when individual proteins are compared. We examined 25 most abundant proteins (Table 1) . Five hexamerins accounted for 27.8% and 24.5% of the total protein amounts LFQ 1À1, 756 ) in the CP and IP samples on average. These storage proteins support metamorphosis in the pupal stage. Lipophorins (9.6% CP; 8.3% IP) and vitellogenin (4.7% CP; 4.1% IP) transport lipids; larval serum protein-1b, chemosensory protein and odorant binding protein-9 (5.9% CP and 4.7% IP) may also bind lipids. Ferritins (3.2% CP; 2.3% IP) store and transport iron (Larade and Storey, 2004; Ong et al., 2005) . To our surprise, proPO2 and proPO3 (3.3% CP; 3.1%) are among the top 25 most abundant proteins, along with imaginal disc growth factor (a homolog of hemocyte aggregation inhibitor protein), TEP15 and secreted gelsolin (a component of hemolymph clot) (3.3% CP; 2.8% IP). These defense proteins may participate in melanization, pathogen recognition, coagulation, and hemocyte aggregation (Pesch et al., 2016; Blandin et al., 2004; Levashina et al., 2001; Karlsson et al., 2004) . We also correlated the intense bands (Fig. 1A) with the most abundant protein(s) in the corresponding gel slices. Slice 3 (230e250 kDa) contained mainly hexamerins (57% CP and 47% IP), and so did slice 6 (70e80 kDa, 53% CP and 34% IP). We understood the dissociation of hexamerins to 80 kDa monomers, but not why some of the 480 kDa complexes migrated to 240 kDa position. Functions of these covalently linked trimers are unclear. Apolipophorin III (74% CP and 67% IH) represented the intense band in slice 10 (20e22 kDa). In summary, identification of the abundant proteins suggests that the major functions of hemolymph are storage, transport, and immunity. This agrees with the findings on the adult hemolymph proteome (Paskewitz and Shi, 2005) .
Hemolymph response to the bacterial treatment
Among the 1756 proteins identified, 158 or 9% demonstrated significant (p < 0.05) changes in abundance between CP and IP. As a part of the response, 71 proteins were up-regulated more than 1.5 fold in insects infected with E. coli (Table 2) . We classified them into 6 groups: immunity (4), cytoskeleton (3), DNA/RNA synthesis (13), metabolism (24), ATP/NAD(P)H binding (5), and others (22). In contrast, 30 proteins were down-regulated (IP/CP < 0.67) after the bacterial challenge (Table 3) . They belong to three groups: immunity (9), metabolism (10), and others (11). Increases in the 67 immunity-unrelated proteins might reflect a higher demand for transcription, translation, and energy production after exposure to the bacteria, decreases in the 21 immunity-unrelated ones suggest a down-regulation of other cellular processes.
Surprisingly, only four defense proteins (PGRP-LB, TEP2, SRPN10, E3 SUMO-protein ligase RanBP2) were up-regulated 1.5e2.2 fold (Table 2) . Seven (Gram-negative bacteria-binding protein (GNBP), CLIPs B1, B8 & A7, SP219, GP71, MDL2) were down-regulated to 50e61% of the control levels (p < 0.05) ( Table 3) . Lysozyme-4 and proPO1À3 levels significantly reduced to 37, 34, 85, and 80% of the control, respectively. While the ratios were high for proPO2 and 3, the absolute amounts of reduction based on LFQs were 25-and 59-fold higher than that of proPO1 (Table S1 ). These observations in the larval hemolymph are drastically different from the transcriptome data of adults, which indicate that more immunity-related genes are up-regulated than down-regulated after an immune challenge (Aguilar et al., 2005) . One possible explanation is that certain immune molecules (e.g. proPOs) have been heavily used during defense responses of the larvae but not fully replenished at 24 h after E. coli inoculation.
To further explain the disparity, we repeated the experiment using the same bacterial strain but carrying a GFP expression plasmid to test if the bacteria were still alive at 24 h after pricking, whether there was a difference in survival between the control and test groups, and what the dynamics of AMP gene expression was during the experiment. We found 80% of the PBS-pricked larvae survived whereas 63% of E. coli-pricked ones lived (Fig. 4A ). This result suggests that E. coli pricking caused infection and infection led to more deaths than the buffer control did. In the other two groups, survival rates for PBS-and E. coli-injection were 83% and 66%, respectively, showing small variations between pricking and injection. The latter is a well-established infection model for adult mosquitos. Consistent with active infection, some of the bacteria were alive and mostly localized around the melanized wound site in the live larvae, as revealed by their movement during imaging (Fig. 4B ). There was no fluorescent bacterium in the control larvae. In some dead larvae pricked with E. coli, GFP signals were distributed in various parts of the body, some near melanin tumors. The induced gambicin-1 expression peaked at 6 h in the E. coli-injected larvae and higher than those in the PBS-injected ones (Fig. 4C) . The mRNA peak appeared at about 24 h in E. coli-pricked ones and, again, higher than those pricked with PBS. Similar expression patterns were observed for cecropin A. The gambicin and cecropin transcripts were hardly detected in the naïve larvae. Taken together, sterile and septic wounding both increased the AMP expression to various levels with different dynamics in larvae of this aquatic species. The survival of larvae was governed mainly by the presence/absence of E. coli in thousands and there was no clear difference between pricking and injection under the current conditions. The AMP transcript levels in E. coli-pricked larvae were only a few fold higher than PBS-pricked ones. In contrast to sterile wounding, the newly synthesized AMPs and other defense proteins (e.g. PPOs) were mostly consumed in the ongoing battle against E. coli, alive even at 24 h after inoculation. Based on the consistent results from these control experiments, we are confident that the proteomic data have faithfully reflected the complex changes in plasma proteins on the battleground. It would be interesting to compare hemolymph samples from naïve larvae and larvae pricked/injected with killed bacteria to confirm a consistent increase in mRNA and protein levels of defense molecules.
Immunity-related proteins
We have identified a total of 233 putative defense proteins in the larval hemolymph (Table 4) , 166 of which are probably secreted. The percentage (71%), which is much higher than 29% (or 437) of the 1521 other proteins, features the role of humoral responses. Besides, some defense proteins (e.g. proPOs) lack a signal peptide and may come from ruptured cells or by other unconventional paths (Kanost and Gorman, 2008; Nickel, 2010) . We divide them into eight subgroups: 53 PRRs, 8 TEPs, 9 AMPs, 59 SPs, 38 SPHs, 17 SP inhibitors, 7 proPOs, and 42 others (Fig. 2B) .
The PRRs include 15 LRR proteins, 9 CTLs, 8 GNBPs, 4 PGRPs, and 13 FBNs among others. APL1C and LRIM1 are critical determinants of the mosquito antimalarial resistance (Povelones et al., 2009) and are more abundant than the other LRR proteins, except for LRR-7059 and LRR-7060. We detected low CTL4 and no CTLMA2 in the larval plasma. These two lectins positively impact the parasite development in adult females (Osta et al., 2004) . CTL8, PGRP-S3, Nimrod, and GNBP-B1, most abundant in their respective families, may be important for antibacterial immunity in this stage. TEP1, TEP4 and TEP15 existed at higher levels than the other TEPs and, along with LRR-7060, may participate in antiparasitic responses (Blandin et al., 2004; Li et al., 2013) . We did not detect any TEP in the proteomic analysis of M. sexta larval hemolymph . In contrast, the mosquito TEPs account for about 1% of total LFQs.
The detection of 59 SPs and 38 SPHs in these samples (Table 4 ) indicates a contamination of the plasma samples by gut contents. To address this problem, we examined their domain structures and expression profiles and considered 14 SPs and 17 SPHs as midgut proteins (data not shown). The GPs (i.e. gut SPs) likely digest dietary proteins but the GPHs' function is unclear. It is common that catalytically inactive SPHs are expressed in the digestive tract (Cao et al., 2015; Lin et al., 2015; Zhao et al., 2010) . Most of the other 45 SPs and 21 SPHs may participate in processes unrelated to digestion, as additional structural modules are present in these proteins for interacting with other molecules and their expression is not as synchronized as the digestive enzymes (data not shown). For instance, SP208, SP213/GRAAL, SP217, SP219, CLIPB47, and CLIPD6 contain multiple regulatory domains; 13 CLIPBs, 7 CLIPCs, 2 CLIPDs and 3 CLIPEs have a clip domain and a protease domain; 14 SPHs contain a clip domain and a protease-like domain (Table 4) . CLIPs B4, B8, B13, B9, B10, B3, B5, and C4 were more abundant than the other clip-domain SPs. We detected low levels of three multi-domain SPHs (SPH220, CLIPA2 and CLIPE12) and found ten of the fifteen clip-domain SPHs were more abundant, representing 0.02e0.50% of the LFQ totals. Identification and quantification of the nondigestive SPs and SPHs in the larval plasma provided useful clues for studying a putative SP-SPH network that coordinates some of the defense mechanisms (Barillas-Mury, 2007) .
Biochemical elucidation of the mosquito SP-SPH system poses a fierce challenge, since less than 0.5 ml of hemolymph can be collected from one adult. Identification of the 66 nondigestive SPs and SPHs in larval plasma hints at a similarly complex system that regulates immune responses in adult hemolymph (Volz et al., 2005 (Volz et al., , 2006 Povelones et al., 2013) . Another problem is that fifteen of the identified 97 SPs and SPHs had minor to major flaws in their sequences (data not shown). Nonetheless, the proteome analysis at least validate them as authentic gene products. More notably, this study greatly confines the system exploration from nearly 350 SPrelated genes in the genome (Christophides et al., 2002) . Data on their levels should allow us to further focus on the abundant ones with complex domain structures as candidates of the immune SP-SPH pathways. We have identified 14 serpins (including two variants of SRPN4 and SRPN10). SRPN2, 3, 4, 7, 9, 10A, 11, 12 and 16 were relatively abundant (0.03e0.30%). Biological functions of several A. gambiae serpins have been characterized in the adult, which may regulate proPO activation (Danielli et al., 2005; Abraham et al., 2005; Michel et al., 2006; Suwanchaichinda and Kanost, 2009 ). Together, nondigestive SPs, SPHs and serpins are speculated to constitute an enzyme-cofactor-inhibitor system to coordinate humoral and cellular immunity, as demonstrated in other insects (Jiang et al., 2010; Park et al., 2010; Kanost and Jiang, 2015) .
As putative substrates of clip-domain SPs, seven of the nine proPOs were detected at different levels in the larval plasma. ProPO2 and 3 were most abundant (1.2% and 2.0% of the total LFQs), followed by proPO6, 8, 4 (0.04e0.09%), and then proPO1 and 7 ( 0.01%). Based on their sheer amounts, we suggest that proPO2 and proPO3 are more important in antimicrobial responses of the larvae. Other immune effectors such as defensins, gambicin and lysozymes existed at 0.01%. The high basal level of transferrin (0.42%) had a 1.61-fold increase to 0.79% (p ¼ 0.055) in plasma.
Gel distribution of the defense proteins
SDS-treated proteins should migrate in reducing gel to positions corresponding to their theoretical masses (M r 's). However, posttranslational modifications (e.g. glycosylation, proteolysis, covalent crosslinking) alters M r 's and such changes are common during insect defense responses . Thus, to characterize the extent to which this might occur in the mosquito as a result of immune challenge, we examined distributions of the 233 defense proteins in the gel slices and identified fifteen showing major M r decreases consistent with proteolytic processing (Table 5) . While nature of these cleavages (e.g. sites and accountable enzymes) is unclear, these altered mobilities are notable because of their potential importance.
Due to the importance of CLIPs and their inhibitory regulation by serpins, we closely examined the gel slices containing them, and (C) Expression profiles of gambicin-1 (upper) and cecropin A (lower) genes after PBS and E. coli pricking and injection. Two pools of naïve larvae (10 insect per group) were as used as negative controls. The AMP mRNA levels relative to A. gambiae rpS7 are shown for each sample as mean ± standard deviation (n ¼ 3). Two biological replicates were analyzed for all these samples. found eleven clip-domain SPs and eight serpins in gel slice 6 (70e80 kDa). Since these proteins are typically 45e55 kDa, the observed mobility suggests the formation of SDS-stable serpinprotease complexes (Table 6 ). Such acyl-enzyme complexes usually contain a 40e45 kDa serpin fragment and a 30 kDa SP catalytic domain, consistent with the previous observations Tong et al., 2005) . Interestingly, SRPN1, 2, 7, 8, 10B, CLIPs B1, B2, B4, B5, B8, B11, C2, C4, C9 and D6 were also detected at a higher M r range (80e350 kDa) ( Table 7) . This result suggests the proteins are parts of larger covalent complexes, which may contain other defense proteins. Our previous study of M. sexta larval hemolymph revealed that, in general, abundant proteins are distributed among more gel slices than scarce ones do. As shown in Fig. 5 , the same correlation was observed in this project and applied in studying protein spreading in the gel slices. We found, like the CLIPs and serpins, 24 other defense proteins displayed substantial decreases in gel mobility (Table 7) . They were GNBPA1, TEP6, FBN, 5 LRRs, Trynity, 6 SPs, 2 SPHs, and 7 proPOs. Since most of them were not abundant, their low-mobility species did not seem to be artifacts. We interpret these and some other slow migrating proteins (Table 6) as components of high M r immune complexes. Covalent crosslinking by PO-generated compounds may have stabilized them under the reducing and denaturing conditions of SDS-PAGE; such formation of PO-generated macromolecular complexes has been previously observed in several studies (Yu et al., 2003; Zou and Jiang, 2005) . Recently the role of POs in this process was clearly demonstrated (Clark and Strand, 2013) . We found that 32 of the 66 proteins (10e80 kDa) identified in >80 kDa positions were immunity-related, at a ratio twice as high as 171 of the 702 total proteins identified in the M. sexta plasma proteome . Based on these, we are generally confident about the model of formation of high M r complexes enriched with defense proteins in A. gambiae.
Conclusions
In this study, we have categorized 1756 proteins in hemolymph of A. gambiae larvae, which represents a major increase in the hemolymph proteome coverage. In spite of the contaminating intracellular and gut enzymes, identification of bona fide plasma proteins provides an overview of the physiological functions of the mosquito larval hemolymph. Future studies of adult hemolymph samples should yield insights into composition changes in plasma Table 6 Components of hypothesized high M r serpin-protease complexes. *: Relative abundance (RA) is defined as each protein's LFQs Â 1000,000 ÷ total LFQs of all proteins for the CP or IP samples. Value for a protein in a gel slice is the average percentage of that protein's total LFQ in the four CP or IP samples. These values are also shown in the gradient heat map from white (0) to red (100). The red boxes indicate the positions of the proteins based on their calculated M r 's.
Table 7
Components of hypothesized high M r immune complexes.
*: Relative abundance (RA) is defined as each protein's LFQs Â 1000,000 ÷ total LFQs of all proteins for the CP or IP samples. Value for a protein in a gel slice is the average percentage of that protein's total LFQ in the four CP or IP samples. These values are also shown in the gradient heat map from white (0) to red (100). The red boxes indicate the positions of the proteins based on their calculated M r 's.
proteins, which may directly interact with malaria parasites. There were no global differences between the control and induced samples and, instead of detecting increases in defense proteins, we observed a few more cases of relative decrease, possibly as a result of the imbalance between higher protein consumption and higher protein synthesis after bacterial infection than after sterile wounding. The active infection after pricking with E. coli, similar survival rates between pricking and injection, and transcription upregulation of the AMP genes supported that the observed proteomic changes were not artifacts. The comparison of theoretical and observed M r 's allowed us to detect possible posttranslational modifications of proteins (e.g. proteolysis and serpin-protease complex formation), occurring in the control and induced samples. Assembling and crosslinking of macromolecular complexes appears to be a common feature of innate immunity, now supported at the level of proteome in an important vector of human malaria. 
